Abstract Single locus variants (SLVs) are bacterial sequence types that differ at only one of the seven canonical multilocus sequence typing (MLST) loci. Estimating the relative roles of recombination and point mutation in the generation of new alleles that lead to SLVs is helpful in understanding how organisms evolve. The relative rates of recombination and mutation for Campylobacter jejuni and Campylobacter coli were estimated at seven different housekeeping loci from publically available MLST data. The probability of recombination generating a new allele that leads to an SLV is estimated to be roughly seven times more than that of mutation for C. jejuni, but for C. coli recombination and mutation were estimated to have a similar contribution to the generation of SLVs. The majority of nucleotide differences (98 % for C. jejuni and 85 % for C. coli) between strains that make up an SLV are attributable to recombination. These estimates are much larger than estimates of the relative rate of recombination to mutation calculated from more distantly related isolates using MLST data. One explanation for this is that purifying selection plays an important role in the evolution of Campylobacter. A simulation study was performed to test the performance of our method under a range of biologically realistic parameters. We found that our method performed well when the recombination tract length was longer than 3 kb. For situations in which recombination may occur with shorter tract lengths, our estimates are likely to be an underestimate of the ratio of recombination to mutation, and of the importance of recombination for creating diversity in closely related isolates. A parametric bootstrap method was applied to calculate the uncertainty of these estimates.
Introduction
The genus Campylobacter is the major cause of gastroenteritis in many industrialized countries (Tauxe et al. 1992) , with approximately 1 % of the population throughout the western world being affected by campylobacteriosis every year (The World Health Organization, cited in Humphrey et al. 2007 ). The species Campylobacter jejuni (C. jejuni) and Campylobacter coli (C. coli) are the main causes of bacterial food-borne disease in developed countries, compared to other members of the family Campylobacteriaceae (Konkel et al. 1999) .
Substantial evidence for the presence of recombination at specific genes has been found in several studies (Suerbaum et al. 2001; Fearnhead et al. 2005) . The relative contributions of recombination and point mutation to genetic diversity have also been investigated (Feil et al. 1999 (Feil et al. , 2000 (Feil et al. , 2001 Sarkar and Guttman 2004) . Although most research indicates that recombination contributes more to genetic diversity than mutation, there is considerable uncertainty about the relative number of events and the number of nucleotide differences that may be attributable to these two processes (Schouls et al. 2003; Richman et al. 2003; Fearnhead et al. 2005 ). This paper is focused on estimating the relative contributions of recombination and point mutation to the generation of new alleles that lead to single locus variants (SLVs), based on C. jejuni and C. coli from the seven gene multilocus sequence typing (MLST) scheme.
An SLV is a pair of sequence types (STs) that differ at exactly one of the seven alleles that make up the MLST profile (Feil et al. 2004) . SLVs are pairs of STs that most likely share a very recent common ancestor and the analysis of SLVs can be helpful in understanding the evolution and molecular epidemiology of pathogens. The large collections of isolates that have been characterized by MLST provide a good opportunity to study SLVs in detail.
This research is based on distinct STs of C. jejuni and C. coli in the PubMLST database (http://pubmlst.org/ campylobacter). In order to understand whether there are differences in the mechanisms that produce SLVs across the genome, SLVs were divided into groups depending on the locus at which the STs differ. The distribution of nucleotide differences within SLVs was explored. The nucleotide differences between two STs that form an SLV can be generated by two different kinds of events: recombination or mutation. Intuitively, SLVs that comprise two STs which differ at many nucleotide positions are more likely to be due to recombination, whereas those that differ at only a few nucleotide positions may be the result of point mutations. In this study, an EM algorithm was applied to allocate SLVs into either a point mutation only model or a recombination model. Two key parameters were estimated: the probability that an SLV arose due to point mutation(s) only, and the relative rate of recombination to mutation. In order to test the performance of our method, a simulation study was performed under a range of biologically realistic parameters. When the recombination tract length was longer than 3 kb our method performed well. Three kilobase pairs is the average of the estimated mean tract lengths suggested by previous research on Campylobacter (Schouls et al. 2003; Fearnhead et al. 2005; Wilson et al. 2009; Biggs et al. 2011) . When recombination occurs with shorter tract lengths, our estimates may underestimate the ratio of recombination to mutation.
Materials and Methods

Campylobacter Data
The data were taken from the PubMLST database (September 27, 2010) ; at that time the PubMLST database contained 4676 distinct C. jejuni and C. coli STs. MLST is a way of typing strains that is based on nucleotide sequences (Maiden et al. 1998) . Using the MLST technique (Dingle et al. 2001) , these isolates are sequenced at seven housekeeping loci (aspA, glnA, gltA, glyA, pgm, tkt, and uncA). These seven loci are widely dispersed around the genome, which means there is a very low chance for one recombination to change two or more loci.
We separated ST datasets for C. jejuni and C. coli, and excluded the 22 STs found in both species. Furthermore, we separated C. coli by clades according to previous research (Sheppard et al. 2008 (Sheppard et al. , 2011 , and we chose C. coli clade 1 to investigate in detail because C. coli clade 1 contains more STs, and is more diverse, compared to the other two clades (Sheppard et al. 2008 ). We selected clade 1 from C. coli by extracting all STs that are members of ST-828 clonal complex and ST-1150 clonal complex (Sheppard et al. 2010 ). There are 3654 STs for C. jejuni, and 606 distinct STs for C. coli clade1.
Methods Overview
Either mutation(s) or recombination(s) can generate SLVs. In this paper, mutation is defined as a single nucleotide change (a point mutation), whereas recombination represents the transfer of several adjacent nucleotides from one DNA source to another. An event is either a mutation or a recombination. An SLV can be generated by one or more events; however, recombination will tend to mask mutation. We model separately the mutation and recombination process to derive a probability model for the number of nucleotide differences between STs, under both the assumption that the SLV has been created solely by mutation, and that it has not. This then enables us to estimate the proportion of SLVs that have been caused solely by mutation, and also estimate the relative rate of recombination to mutation. More details of the analysis are given in the Supplementary Material.
Modeling SLV Evolution
The data consists of, for each SLV, the locus at which the pair of STs differ, and the number of nucleotide differences at that locus. From this, we aim to infer how likely it is that the differences observed at this locus arise from point mutation only, as opposed to being produced by recombination.
To do this, we first model the distribution of nucleotide differences we would expect at an SLV at a given locus if these differences are solely due to mutation. This can be done by first calculating the probability of an SLV given the number of point of mutations that have occurred in one locus as the likelihood function, introducing a prior distribution for the number of mutations to occur between two STs in that locus. The former probability is based on the need for all mutation events to occur at the same locus. Under the coalescent theory, a geometric distribution is chosen to use as the prior distribution (Hein et al. 2005) . Under Bayesian theory, we can obtain the required conditional distribution (Equation 1 in Supplementary Material). The resulting conditional distribution of the number of nucleotide differences is concentrated on small numbers of nucleotide differences, and is robust to the choice of prior.
Second, the probability of observing h (h = 1, 2, 3…) nucleotide differences introduced by recombination was estimated using Bayesian methods. It was calculated by sampling the alleles based on their frequencies in the current database. Two (simplifying) assumptions for the recombination model were made: (1) if recombination occurs between two alleles it affects an entire locus rather than just part of a locus; and (2) we ignore the effect of any additional mutation events. Under these assumptions, our model suggests that in most cases recombination will introduce many more nucleotide differences than expected under the mutation only model. Note that our results are robust to the assumption in (1) unless recombination affects only small fragments of a locus, in these cases our assumption will tend to lead to overestimates of the proportion of SLVs due to mutation only. Hence, it will tend to underestimate the ratio of recombination to mutation.
Given these two models, we can then estimate the proportion of our SLVs at each locus that are due to mutation only. In practice, we use an expectation-maximization (EM) algorithm (Dempster et al. 1977) to infer this proportion. Finally, based on the estimated proportion of SLVs at a given locus that is due to mutation only we estimate the probability that the single event that led to the generation of a new allele was a mutation. The above analysis was carried out by an R script (available by request from the first author).
To test the accuracy of our method for estimating the ratio of recombination to mutation, MLST data were simulated under different known ratios of recombination to mutation with different recombination tract lengths using SimMLST software (Didelot et al. 2009 ).
We used a parametric bootstrap to assess uncertainty in estimates. We simulated 100 datasets for both C. coli and C. jejuni. These datasets matched the true data in terms of number of STs, relative rate of mutation to recombination, and overall mutation rate across the seven gene loci. Within the simulations we assumed that the mutation rate and recombination rate were the same across loci. For our simulated data we estimated the probability of an event being a mutation, and calculated the variability of estimates of this quantity across the simulations: both for estimates for a single locus, and for the estimate obtained by averaging across loci. We consider estimates of this quantity as the variance of the estimates changed little when we varied the true value of the relative rate of recombination to mutation. Confidence intervals were then calculated using a normal approximation, and transformed to confidence intervals for the relative rate of recombination to mutation.
Results
SLV Analysis on the Campylobacter MLST Databases
From our downloaded dataset, there were 7417 SLVs (aspA: 992; glnA: 1045; gltA: 1250; glyA: 773; pgm: 1580; tkt: 1060; and uncA 717) for C. jejuni, and 1842 SLVs (aspA: 110; glnA: 179; gltA: 128; glyA: 292; pgm: 325; tkt: 647; and uncA: 161) for C. coli clade1. The difference in the number of SLVs at each locus suggests that it is worthwhile estimating the relative mutation and recombination rates separately for each locus.
The Distribution of Nucleotide Differences Between Each SLV for Each Locus
Each SLV relates to one pair of STs, and the plots (Figs. 1,  2) show the nucleotide differences that occurred within those pairs of STs at each MLST locus for C. jejuni and C. coli clade 1. These plots show that SLVs with a large number of nucleotide differences ([45) occurred in every locus. The pairs of STs with a large number of nucleotide differences (50-80) are almost certainly due to recombination, as it is highly unlikely that more than 50 independent point mutations would occur at a single locus while the other six loci remained the same. These large differences are likely to be due to recombination between C. jejuni and C. coli (Sheppard et al. 2008; Wilson et al. 2009 ). Species were designated according to the PubMLST data, and only those SLVs that comprised STs that were assigned 100 % C. jejuni or C. coli were plotted. Even with this strict species designation, there were still large nucleotide differences visible between SLVs within species. There were second peaks in the range of 15-20 differences at the loci glyA, pgm, and tkt for both C. jejuni and C. coli clade 1. These peaks are likely to be due to recombination as well. The first peak of most loci (except for pgm for C. jejuni and tkt for C. coli clade 1) represented approximately 100-200 SLVs for C. jejuni and around 100 SLVs for C. coli clade 1 with only one nucleotide difference; most of these are more likely to be due to mutation.
Relative Contributions of Recombination and Mutation
Separately for C. jejuni and C. coli Clade 1 Tables 1 and 2 demonstrate that recombination contributed more to the generation of SLVs than did mutation for both the groups (C. jejuni and C. coli clade 1), but the range of estimates vary for the two groups. The average ratio of recombination events to mutation events from the seven loci is 6.96 (95 % CI 6.08, 8.09) for C. jejuni (Table 1) , and 1.01 (95 % CI 0.78, 1.30) for C. coli clade 1 (Table 2) .
For each locus, we also estimated the proportion of nucleotide differences introduced by recombination as opposed to mutation, and this ranged from 97 % (gltA and glyA) to 99 % (aspA, tkt, and uncA) for C. jejuni, and from 60 % (glnA) to 98 % (aspA) for C. coli clade 1.
We also investigated the robustness of the mutation model to different prior distributions of the probability of events caused by mutations only. These suggest that the results in Supplementary Table 1 and 2 are conservative regarding the importance of recombination in producing new variation for C. jejuni and C. coli clade 1.
We see evidence for differences in the relative role of recombination to mutation across the genes (Tables 1, 2 ). In particular, the parametric bootstrap results show that there is evidence for a lower rate of recombination in glnA for C. coli and for glyA in C. jejuni, and for a higher rate in aspA in C. coli. To assess the strength of this evidence, we looked at the lowest (and the highest) estimated value of Fig. 1 SLVs of PubMLST data. The x axes represent the number of nucleotide differences between STs that make up an SLV; y axes represent the number of recorded events. A represents the nucleotide differences for SLVs in the PubMLST database for C. jejuni; others are the nucleotide differences for SLVs by loci the relative rate of recombination to mutation across the seven genes in our simulated data divided by the average of estimated rate across the seven genes. For both C. coli and C. jejuni, we never observed an estimate as low as that for glnA and glyA, respectively, across the 100 simulations in each case (the lowest estimates were 0.36 and 0.62 for C. coli and C. jejuni, respectively, compared to observed values of 0.23 and 0.43) or as high as aspA for C. coli Fig. 2 SLVs of PubMLST data. The x axes represent the number of nucleotide differences between STs that make up an SLV; y axes represent the number of recorded events. A represents the nucleotide differences for SLVs in the PubMLST database for C. coli clade 1; others are the nucleotide differences for SLVs by loci Table 1 Allele lengths for each locus; estimates for C. jejuni for each housekeeping locus of the probability of an SLV being caused by mutation only (p); the expected number of mutations for an SLV; the relative rate of recombination to mutation; 95 % CI for the estimated relative rate of recombination to mutation; and the % of nucleotide differences of an SLV that were introduced by recombination 
Discussion
We have analyzed SLVs to infer the relative importance of recombination and mutation to generate differences between closely related C. jejuni and C. coli clade 1 isolates. The higher average estimates for C. jejuni compared to C. coli demonstrates higher recombination in C. jejuni, compared to C. coli. This is consistent with the existing population structure (three clades) of C. coli, but not with apparent subclade structure in C. jejuni (Sheppard et al. 2008) . We estimate that recombination contributes between 2.97 and 8.91 times more than mutation to events that generate new alleles for C. jejuni, depending on the MLST locus, and between 0.23 and 2.23 for C. coli clade 1. The variations between housekeeping genes within species also show the different evolution pressure on different genes. For C. jejuni, glyA has less recombination contribution, compared to the other six genes. For C. coli, glnA has less recombination contribution, compared to the other six genes.
Our analysis has similarities to that of Schouls et al. (2003) , who used the approach described by Feil et al. (2000) to estimate the relative rate of recombination and mutation for C. jejuni. The original idea of Feil et al.'s method (2000) is put forward by Guttman and Dykhuizen (1994) . However, their method overestimates the ratio of recombination to mutation, compared to ours. They also analyzed SLVs, though restricted to pairs of SLVs within the same clonal complex. Furthermore, rather than the model-based approach we consider, they used a simple rule to classify which SLVs had been caused by mutation as opposed to recombination. The rule was that if a pair of SLVs varies by a single nucleotide difference and one of the MLST alleles at the locus was unique, it is due to a mutation, whereas all other pairs of SLVs are caused by recombination. This means that, under this algorithm, SLVs that differ by two nucleotide differences could not have arisen by two independent mutation events, and recombination events that mask mutation events are not considered. Both assumptions may lead to an underestimate of mutation. The analysis of Schouls et al. (2003) estimates that recombination is approximately eight times more likely to change an allele than mutation. This is larger than our estimate, which is likely to be due to these biases in the method used by Schouls et al. (2003) . According to Feil et al.'s method (2000) , Schouls et al. (2003) estimated a recombination size of about 3.3 kb. We implemented a simplified version of Feil et al.'s method (2000) (details in the Supplementary Material), and the results show that under the 3 kb recombination size, the ratio is overestimated.
Our estimates suggest a more important role for recombination in producing new diversity into C. jejuni than more recent studies which have analyzed samples of C. jejuni isolates from different source populations. Fearnhead et al. (2005) estimate that recombination rates are, if anything, less than the mutation rates. While Vos and Didelot (2008) , and Wilson et al. (2009) give estimates of the proportion of nucleotide differences introduced by recombination as opposed to mutation which are much smaller than the ones we obtained. Both the studies concluded that the number of nucleotide differences introduced by recombination are only approximately twice as many as those introduced by point mutation: 2.2 for Vos and Didelot (2008) and 2.67 (95 % CI 1.39, 4.95) for Wilson et al. (2009) .
The difference between our study and these is that we analyze only SLVs, which means we are looking at closely related STs for which there has been less time for selection to act. Intuitively, selection is likely to be the strongest against recombination events that introduce large differences, Table 2 Allele lengths for each locus; estimates for C. coli clade 1 for each housekeeping locus of the probability of an SLV being caused by mutation only (p); the expected number of mutations for an SLV; the relative rate of recombination to mutation; 95 % CI for the estimated relative rate of recombination to mutation; and the % of nucleotide differences of an SLV that were introduced by recombination although it is possible that some recombination events may introduce a section of DNA from an organism that is highly adapted and ''successful'' in the given environment. Therefore, although we estimate that recombination is introducing more differences than previously thought in our closely related and recently evolved STs, many of these differences may be subsequently purged from the population due to weak purifying selection. This is consistent with the effects of purifying selection described in Wilson et al.'s paper (2009) . Whole genome analysis may provide a greater insight into the genome-wide evolution of Campylobacter and provide further explanations for the apparent differences between previous estimates of recombination and mutation. Recently, Biggs et al. (2011) analyzed the genomes of two closely related Campylobacter ST-474 isolates that also had identical flaA SVR regions and compared them to available C. jejuni reference strains. They estimated that around 97 % of the nucleotide differences between these two closely related isolates were caused by recombination. This estimate is similar to ours, and suggests that the importance of recombination for driving changes in C. jejuni is not just confined to the MLST housekeeping genes we have studied.
The aim of this study was to increase our understanding of the evolution of C. jejuni and C. coli by investigating the generation of SLVs. The availability of the large database of C. jejuni and C. coli isolates provides a good opportunity to investigate the evolution of C. jejuni and C. coli using SLVs. Using seven independent housekeeping loci we used the method proposed in this paper to estimate that recombination contributes roughly seven times as much as mutation to the generation of SLVs for C. jejuni, and equally for C. coli, which provides further evidence that recombination plays a more important role in the evolution of C. jejuni and C. coli than mutation.
Our results also point to important differences in terms of the forces driving evolution for C. jejuni and C. coli; and suggest that the relative role of recombination to mutation may differ between genes, and these differences themselves may be different for C. jejuni and C. coli. Understanding what is causing these differences will be important for fully understanding how these bacteria may evolve in the future. However, the fact that we observed differences in recombination between C. jejuni and C. coli is consistent with the introgression hypothesis of Sheppard et al.'s paper (2011) , which implies that patterns of genetic exchange have changed over time. The research on SLVs described in this paper could be extended either by considering more genes, such as flagellin genes (flaA and flaB) (Meinersmann and Hiett 2000) , and porA, the gene encoding the major outer membrane proteins (MOMPs) (Zhang et al. 2000; Clark et al. 2005) , or by considering other species of Campylobacter.
